The use of composite materials has expanded significantly across civil, aerospace, and marine structures in both new designs and retrofits. The performance benefits from composites-typically, weight reduction with increased strength, corrosion resistance, and improved thermal and acoustic properties-are challenged by a host of failure modes whose genesis and progression aren't yet well understood. As such, structural health monitoring (SHM) plays a key role for in-situ assessment for the purposes of performance/operations optimization, maintenance planning, and overall life cycle cost reduction. In this work, arrays of fiber Bragg grating optical strain sensors are embedded into a pre-preg composite specimen that was designed by surrogate finite element model simulation, and will be subjected to both low-energy (non-damaging) impacts at various locations and highenergy damaging impacts at a known location. The impactor was designed along with the panel specimen for very specific energy levels, strain frequency, and strain amplitude response. Results from SHM algorithms developed via hypothesis testing are demonstrated on blind impact tests in order to determine the efficacy of embedded fiber Bragg grating arrays for assessing structural health of such composites.
Introduction
Fiber reinforced polymer (FRP) composite structures are gaining more prevalence in the marine and aerospace industry due to their high specific strength and stiffness, corrosion resistance, and their ability to be molded into doubly curved, complex shapes [1] [2] [3] [4] . The performance benefits from composites-typically, weight reduction with increased strength, reduced maintenance, and improved thermal and acoustic properties-are challenged by a host of failure modes (e.g., delamination, disbonding, fiber breakage, matrix cracking, and bearing damage in connections) whose initiation and progression are not yet as well understood as failure modes in comparable metallic materials. In addition, damage to FRP structures cannot always be determined by visual inspection.
Impact-induced delamination and/or fiber breakage are one important failure mode in marine and aerospace composite applications. In this paper, we consider the detection and localization of impact-induced delamination in a glass-epoxy composite specimen [5] [6] [7] [8] [9] [10] where an array of fiber Bragg gratings (FBGs) were internally embedded inside the specimen at fabrication and used to measure strain response to calibrated impacts. The strain responses were mined for features from time domain (auto-regressive parameters) and frequency domain (power spectral density estimated peaks) to track the progression of delamination from repeated impacts. Statistical modelling and hypothesis testing was done to demonstrate probability of detection. A rigorous hypothesis test, invoking a statistical model of the Mahalanobis distance, is used for damage level decision-making validation.
Experimental testbed
A solid laminate uniform thickness prepreg panel was designed and fabricated for the proof of concept demonstration. The glass-epoxy prepreg used in the fabrication was Axiom AX-3201S/EL. The target thickness was 0.5" to represent a full thickness part that may be employed in fleet application. Small panels were fabricated in order to get an accurate cure ply thickness. The cured ply thickness was determined to be ~0.03", resulting in a build-up of 16 plies to reach the 0.5" target thickness. During fabrication 40 FBG sensors from Alxenses were embedded in the panel. The sensors were placed on the first ply followed by the 15 additional plies. The locations of these sensors are identified in Figure 1 . The panel was subsequently cured in accordance with the process provided by Axiom. The panel was mounted to an aluminum test frame using C-clamps, and a mechanical shaker was mounted on the backside of the panel to the frame (Figure 2 ). The impactor was attached to a pendulum that could be moved to different locations on the panel. The impactor was raised to a specified height to achieve the required energy for the test. Prior to initiating impact damage on the panel, a baseline test was conducted to establish the panel response using the mechanical shaker. Following the establishment of the baseline response, the panel was subjected to 28 impacts at 5 different locations to induce delamination damage, which resulted in 12 discrete final delamination levels. A surrogate panel with no embedded FBG sensors was mounted and tested to develop and characterize the damaging process and methodology.
The five separate damage impact locations resulted in an overall damaged area of ~8 ¾" x 7 ½". After each damage-inducing impact, the panel was actuated for 120 seconds with band-limited white noise. Each 120-second time history was windowed and segmented into 2-second tests for a total of 58 individual tests at each damage level. Table 1 shows the 12 different damage levels corresponding to the increased delamination as well as the final delamination area. There were also 6 baseline sets collected at 120 seconds each to develop a robust training set. 
Results and discussion
For the detection problem, the first feature considered was the set of peaks obtained from cross-power spectral densities estimated between each sensor response X:
Since this is maximally correlated at global structural resonant maxima, these maxima are selected from these estimates, and their shifts were tracked as a multivariate feature set, i.e..,
where Ŝ u ij and Ŝ b ij and correspond to the power spectral density estimates of a time history in an unknown structural state and baseline state, respectively, and their arguments correspond to the k th peak observed in the power spectral density of the unknown structural state and the baseline state, respectively. Finally, this multivariate feature set was reduced to a scalar distance metric, the Mahalanobis distance, by
where x b is the mean of the baseline-to-baseline comparison mean shifts, and Σ is the covariance matrix. Because sensor pairs are being used to generate the cross spectra, and there are 40 sensors (though only 39 are operable since one failed during fabrication), there are 780 possible sensor pair combinations. Searching all 780 sensor pairs, however, is computationally expensive and overly redundant for the purpose of this study, so a random permutation of 100 sensor pairs was generated as the set of time histories that were used to generate all cross-spectra. Figure 3 presents the results of 6 randomly selected sensor pairs across all damage levels on the left, and across the first few (smaller) damage levels on the right for the same sensor pairs. The Mahalanobis distance increases monotonically albeit nonlinearly, as the distance measure (outlier distance) increases with delamination area. Even the blown-up region at smaller delamination levels shows reasonable mean trend shifts, although a rigorous statistical model must be developed to assess the classification power. If it is assumed that the underlying noise/uncertainty process in the features comprising the feature set are Gaussian (normal), then it follows that the Mahalanobis distance measure is chi-square. A histogram of the baseline Mahalanobis distances for a given sensor pair and the corresponding chi-square distribution for the appropriate degrees of freedom (5, since there were 5 frequency peaks in the spectral feature) is shown in Figure 4 (left); there is excellent agreement between the metric histogram and the chi-square distribution function.
Given this model, a detection hypothesis test may be constructed. The most common detection hypothesis employed in structural health monitoring is often binary, i.e., the question "Is the system critically damaged or not?" is to be tested. In this work, "critical damage" was defined to be the lowest level of damage, 0.288 in 2 of delamination. It is assumed that, given the results in Figure 3 , if this small damage level may be detected with some confidence then higher levels will have even greater detection probability. Figure 4 (right) shows the baseline data compared to the smallest damage level (level 1), including the distribution applied to the baseline; the red points are being tested (compared to) the green via the test Figure 3 Mahalanobis distances for CPSD feature for 6 sensor pairings for all damage levels (left) and the first few damage levels (right). Figure 5 shows a number of different sensor pair comparisons, for illustrative purposes. For the indicated sensor pair number, the baseline histogram and corresponding chi-square model are shown, along with testable data points (shown in red as well). In any binary hypothesis test, the decision of which hypothesis to select depends upon a threshold that must be set, and this threshold depend on the application; in this test, a 95% confidence was selected, resulting in the individual black dashed lines drawn upon each distribution in Figure 5 . Considering each possible sensor pair means that there will be 100 true/false test results for each potential outlier, as the experiment was set up using 100 random sensor pair combinations. The simple sensor fusion strategy is a voting scheme in which if a majority (>50) of the sensor pairs declare outlier, then the point is labeled an outlier, and the null hypothesis is rejected. If a point, in reality, comes from a damaged structural state but is labeled undamaged, we have a false-negative. A false-positive implies the opposite: that a data point is actually from an undamaged structure but is given a damaged assignment. In a blind test, a baseline chi-square distribution will be made of a random selection of 290 of the undamaged test results.
The results after final sensor fusion via voting are shown in Table 2 below. The first row represent results for the binary test as stated, i.e., detecting the lowest damage level. No false negatives were reported, and about 11% false positives, which is consistent with the statistical model threshold. The same baseline was also applied to some higher damage levels, and the results are shown on subsequent rows. For any delamination area larger than 1.38 in 2 , there was 100% correct classification. 
Summary
This work considered the detection of impact-induced delamination in a glass-epoxy material system. Sensing was performed with embedded fiber Bragg gratings. The detection was implemented in a simulated operational condition by exciting the structure between impacts with pseudo-random noise and extracting peaks from the crossspectral densities estimated between sensor pairs. Using the peaks as features, the Mahalanobis distance metric was computed in order to set up an unsupervised learning application whereby baseline data were modeled as a chisquare distribution. A blind hypothesis test on the data showed excellent statistical decision performance for detecting delamination damage as small as 0.288 in 2 .
